1. Introduction {#sec1}
===============

The term "spectrum" refers to the range of colors (according to the wavelength or frequency) observed when white light is separated by dispersion through a prism or grating. Spectroscopy is an analytical method for measuring the spectrum based on the inherent relation between the irradiation and absorption of electromagnetic radiation of matter and the composition and structure of matter \[[@B1], [@B2]\]. In recent years, spectroscopy has received increasingly more applications in the life sciences for detecting and determining drug ingredients \[[@B3]--[@B5]\], pathological diagnosis \[[@B6], [@B7]\], detection and diagnosis of diseases, and so forth \[[@B8]--[@B10]\]. However, there are very few reports of the application of spectroscopy in moxibustion \[[@B11], [@B12]\]. In the present study, to expand the application of spectral imaging techniques to moxibustion, we observed and analyzed the spectra characteristics (SC) of moxa stick (MS) burning using hyperspectral imaging (HSI) and Fourier transform infrared spectroscopy (FTIR).

Over thousands of years, moxibustion has been an important component of traditional Chinese medicine. MS has been chosen as the main herb for moxibustion in Chinese medicine; the effective substances and energy produced by the burning of MS can stimulate acupoints and organs, thereby achieving the effect of treating diseases and promoting health. The ancients believed that moxibustion can warm channels to dispel coldness, promote blood circulation to remove meridian obstruction, dissipate mass and relieve pain, compensate weakness and yang deficiency, and so forth \[[@B13]\]. Modern research has also shown that moxibustion can promote the metabolism of organisms, effectively improve the immunity and endocrine function of organisms, and treat systemic diseases involving circulation, digestion, respiration, immunity, and so forth \[[@B14]--[@B17]\]. With the development of science and technology, people have begun to study the mechanism of moxibustion from the standpoint of biology, chemistry, and physics \[[@B18]--[@B20]\]. MS produces a biological effect through burning. Therefore, observing and analyzing the physical characteristics of MS burning is one important research direction to investigate the mechanism of moxibustion. In present study, HSI and FTIR were used to observe the SC of MS burning at wavelengths of 400\~1000 nm and 2.5\~15.5 *μ*m. And the temperature, blood perfusion (BP), and oxygen saturation (SaO~2~) changes of Shenshu (BL23) acupoint skin were observed before and after moxibustion to discuss the relationship between SC and effect of moxibustion.

2. Materials and Methods {#sec2}
========================

2.1. Detection Principle of HSI and FTIR {#sec2.1}
----------------------------------------

HSI is an imaging technique based on multiple imaging to continuously image targets and utilizes the spectral coverage of hundreds of wavelengths of an imaging spectroradiometer at a wavelength of 400\~1000 nm; spectral information is gained while obtaining the spatial imaging of targets. The hardware components of HSI mainly include a spectral camera (imaging spectroradiometer + CCD), system software, and a computer \[[@B21]\]. The principle of HSI data collection and recording of MS burning is presented in [Figure 1(a)](#fig1){ref-type="fig"}. FTIR is an interference spectroscopy based on light interference. It mainly consists of a light source, interferometer, detector, computer, and recording system. The experimentally obtained raw spectrum is converted to a wavelength-based or wavenumber-based spectrum through fast Fourier transformation using a computer \[[@B22]\]. The principles used to collect FTIR data and record MS burning are presented in [Figure 1(b)](#fig1){ref-type="fig"}.

2.2. HSI Data Collection and Analysis of MS Burning {#sec2.2}
---------------------------------------------------

The temperature of the experimental environment was 25 ± 1°C, and the relative humidity was 30\~60%. The indoor and outdoor ventilation was isolated. The experiment was performed in a dark room with no light source. The spectral wavelength range was 400\~1000 nm, the spectral resolution was 10 nm, and the exposure time was 1 s; in addition, the instrument\'s camera lens was capped for data collection, calibration, and storage. High-quality pure MS (Beijing Zhongyan Taihe Medicine Limited, Beijing) was burned, and the burning section was placed in front of the HSI camera lens and 15 cm from its center until full burning. The optimal location was observed and determined by the in situ monitoring function included in the computer\'s HSI data collection software. The radiation spectrum was collected and recorded at 5 min, 10 min, 15 min, 20 min, and 25 min during the burning process. The instrument was connected to the computer, and PHySpec image application software was used to collect, process, and store the HSI spectra. PHySpec software was used to extract 5 × 5 mm HSI images and to display the mean spectrum of moxibustion at different times. Then, the spectral range and the intensity of absorption and reflectance were analyzed to compare changes in the spectra at different time points.

2.3. FTIR Data Collection and Analysis of MS Burning {#sec2.3}
----------------------------------------------------

The experimental environment for FTIR data collection of MS burning was the same as that for HIS data collection. High-quality pure MS was burned, and the burning section was placed in front of the light-receiving window of the FTIR instrument and 15 cm from its center until full burning. Fourier transformation was used to convert the IR spectra of the burning MS collected by the FTIR instrument. The sample scanning time was 1; background scanning time was 1 s; resolution was 4.0; final format was single beam; scanning range was 4000\~400 cm^−1^; spectral gaining was automatic; optical gating was 100; light source was external light path. The IR radiation spectrum was collected and recorded at 5 min, 10 min, 15 min, 20 min, and 25 min during the burning process. OMNIC 7.0 software was used to analyze the spectral range (SR) and the relative radiation intensity (RRI) of the emitted single beam spectra and to compare the spectral changes at different time points.

2.4. Temperature, BP, and SaO~2~ Measurement of BL23 Acupoint Skin {#sec2.4}
------------------------------------------------------------------

Ten healthy adult volunteers without skin disease (4 females and 6 males: ages ranged from 22 to 25 years) were recruited in this study. Prior to participation, all subjects provided written informed consent. All experimental procedures were approved by the Ethical Committee of China Academy of Medical Sciences and conducted in accordance with the international accepted principles. The subjects waited quietly for 15 min in the detection environment which was 25 ± 1°C, with relative humidity of 30--60% and no ventilation and no solar radiation. The burning MS was conducted vertically above 3.5 cm of the right BL23 acupoint for 10 min. It should be subjected to occurrence of flushing and tolerance of the subject. Before moxibustion, at 10 minutes after moxibustion, at 15 minutes after stopping moxibustion, and at 30 minutes after stopping moxibustion, the infrared thermogram (IRT) of waist was scanned by VARIOSCAN3021-ST infrared thermal imager (InfraTec Ltd., Germany). The temperature of right BL23 acupoint skin was analyzed by IRBIS 2.2 software. The BP image of waist was scanned by Moor-FLPI laser speckle perfusion (LSP) imager (Moor Instruments Ltd., Axminster, UK). The scanning model was the low density and 25 fps, the time interval was 1 s, exposure time was 20 ms, and 10 frames were continually scanned at each time point. The BP of right BL23 acupoint skin was analyzed by Moor-FLPI software. The pixel range of 5 × 5 mm for the acupoint in the IRT (LSP image) was selected to display the value of temperature (BP). Then, SaO~2~ of right BL23 acupoint skin was measured by ODISsey SaO~2~ monitor (ViOptix Ltd., USA).

2.5. Statistical Analysis {#sec2.5}
-------------------------

The mean differences of temperature, BP, and SaO~2~ of right BL23 acupoint skin in each group were calculated at each time point to investigate the changes in the parameters with time. One-way ANOVA with LSD test was used to test differences in each indicator between groups using SPSS 19.0 statistical software. The data were represented as $\overset{¯}{x} \pm SE$. Differences with *P* \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. HSI Images of MS Burning at a Wavelength of 400\~1000 nm {#sec3.1}
-------------------------------------------------------------

Sixty-one HSI images of the cross sections were collected for the pure MS that was fully burning. Nine images were chosen to present HSI images of the pure MS at different wavelengths. The color depth on the HSI image represents the intensity of the reflected light. The darker the color is, the higher the intensity is and vice versa. Under static and full burning, the color of the MS\'s cross section (MSCS) was the same as that of the background at the visible wavelength of 400\~640 nm, indicating that the light intensity of the MSCS cannot be detected at this wavelength. After 650 nm, the burning MSCS on the image exhibited an orange color, and the color darkened with increased wavelengths. The light intensity of the MSCS increased at this wavelength. After 900 nm, the color of the MSCS became slightly lighter ([Figure 2(a)](#fig2){ref-type="fig"}).

3.2. Spectra Characteristics of MS Burning at a Wavelength of 400\~1000 nm {#sec3.2}
--------------------------------------------------------------------------

The spectra of the MSCS were extracted from HSI for analysis. The ordinate represents the RRI produced from the MS burning, and the abscissa represents the wavelength. The characteristics of the HSI at different burning times are consistent ([Figure 2(b)](#fig2){ref-type="fig"}). For pure MS that was fully burned for 5 min in the static phase, the spectrum was distributed at a wavelength of 640\~1000 nm, ascended at 640\~820 nm, reached its peak at approximately 820 nm, and descended at 820\~1000 nm. The peak position was in the range of 750\~975 nm, and the RRI of the peak is 340. The characteristic spectrum was distributed at red and near infrared (mainly near infrared) wavelengths. The RRI of the peak values at different burning times was stable. The spectral intensity (SI) of MSCS fluctuated slightly during the burning ([Figure 2(c)](#fig2){ref-type="fig"}).

3.3. Spectral Characteristics of MS Burning at a Wavelength of 2.5\~15.5 *μ*m {#sec3.3}
-----------------------------------------------------------------------------

For the static and full burning process, the FTIR spectra were analyzed for the MSCS at 2.5\~15.5 *μ*m. The ordinate represents the RRI produced from the MS burning, and the abscissa represents the wavelength. For pure MS that was fully burned for 5 min, the spectrum ascended at 2.7\~3.5 *μ*m, fluctuated slightly at 3.5\~3.6 *μ*m, and descended after 3.6 *μ*m. The main shape of the IR radiation spectrum for MSCS was at 2.7\~3.5 *μ*m. The PP was at approximately 3.5 *μ*m, the RRI corresponding to the peak was approximately 0.18, and the PP was in the range of 3.0\~4.0 *μ*m. In addition, there was an obvious valley in the descending range of 4.2\~4.4 *μ*m. This is due to the characteristic absorption of CO~2~ and H~2~O in air ([Figure 3](#fig3){ref-type="fig"}). At the wavelength of 400\~1000 nm and 2.5\~15.5 *μ*m, the max of SI was at 5 min of MS burning. With increased burning time, the SI of MSCS decreased gradually, but the variation was not significant ([Table 1](#tab1){ref-type="table"}).

3.4. Analysis of Temperature, BP, and SaO~2~ of BL23 Acupoint Skin {#sec3.4}
------------------------------------------------------------------

After MS moxibustion, yellow and litter red areas were displayed on IRT images and LSP images of BL23 acupoint, indicating that the temperature and BP of BL23 acupoint skin both obviously increased (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}). After a period of stopping moxibustion, the color of IRT images and LSP images of BL23 was more and more dark, indicating that the temperature and BP of BL23 gradually decreased. The temperature and BP increments of BL23 at 10 minutes after moxibustion both were significantly higher than those after stopping moxibustion after 15 minutes and moxibustion after 30 minutes too (*P* \< 0.05) (Figures [4(c)](#fig4){ref-type="fig"} and [4(d)](#fig4){ref-type="fig"}). SaO~2~ change of BL23 acupoint skin was the same as the temperature and BP. SaO~2~ increment of BL23 was obviously higher compared to that after stopping moxibustion time points (*P* \< 0.05). Then SaO~2~ increment declined gradually after stopping moxibustion ([Figure 4(e)](#fig4){ref-type="fig"}).

4. Discussion {#sec4}
=============

Moxibustion provides very good healthcare and treatment effects. In recent years, researchers have conducted many studies to investigate the mechanism of moxibustion by looking at their clinical, biological, and physical effects. Using HSI and FTIR, the present study revealed the SC of MS during its burning at the wavelengths of 400\~1000 nm and 2.5\~15.5 *μ*m.

In this study, it was observed that, at the wavelength of 400\~1000 nm, the spectrum was distributed at 600\~1000 nm, and it ascended at 600\~860 nm, descended at 860\~1000 nm, and reached its peak at approximately 860 nm. At the wavelength of 2.5\~15.5 *μ*m, the spectrum was mainly distributed at 2.7\~4.2 *μ*m; the peak position was in the range of 3.0\~4.0 *μ*m, and the peak position was approximately 3.5 *μ*m. The results indicate that the radiation spectra of MS include red, near infrared, and far infrared wavelengths, among which the near and far infrared wavelengths are the main components.

Under certain conditions, the energy of the external photons at the wavelength of 100\~1000 nm absorbed by molecules of organisms can excite biological chemical reactions, that is, photochemical effects. Among these, the amounts of red and near infrared (600\~1000 nm) wavelengths that irradiate an organism can cause changes to cell membrane and inner ultrastructures. A large portion of red light has been absorbed by mitochondria. Consequently, the activity of mitochondria peroxidase has been enhanced, thereby increasing cellular metabolism, promoting the synthesis of proteins and energy metabolism, and causing changes to cellular functions \[[@B23]\]. Additionally, red light can enhance the phagocytosis of leukocytes and transformation of lymphocytes, thereby improving the immune functions of organisms \[[@B24]\]; it can also decrease platelet adhesion, plasma viscosity, and hematocrit, thus promoting tissue repair and accelerating healing \[[@B25]\]. In addition to the aforementioned series of photochemical reactions, the energy of the infrared light absorbed organism can also induce photothermal effects. Water, the prevalent small molecule in organisms, is the main target that interacts with infrared light. Researchers have demonstrated that liquid water can absorb infrared light with a wavelength of approximately 3 *μ*m and 5.7 *μ*m \[[@B26]\]. When infrared light irradiated onto human bodies, its absorption by the water in the cells and blood causes the vibration of O-H and H-O-H bonds in water, thereby converting the infrared light thermal energy to kinetic energy of irregular motions of water molecules and increasing the water temperature. This process subsequently induces cell division and reproduction, promotes the rate of biochemical reactions and enzymatic activity, and simultaneously enhances the structural changes in large biological molecules such as proteins and DNA. Additionally, this process increases the speed of blood flow, thereby improving blood circulation. These series of related biological reactions are the photothermal biological effects of infrared light \[[@B27]--[@B30]\]. In this experiment, we found that MS burning can produce red light and a large range of infrared (600\~1000 nm) and far infrared radiation (2.7\~4.2 *μ*m). According to the discussion above, it was inferred that moderate quantity of moxibustion radiation applied to acupoints or lesions could induce photochemical and photothermal biological effects on organism.

With regard to the biological effects, due to its shorter wavelength and higher energy, the penetration depth of near infrared radiation is ten to tens of times that of far infrared radiation. Consequently, near infrared light can penetrate deep tissues; for example, near infrared light with a wavelength of 0.76\~6.6 *μ*m can penetrate 10 mm into the human body, while far infrared can only penetrate 1 mm thick tissues. Near infrared light can penetrate the epidermis, connective tissue, blood vessel, and nervous system and can be absorbed by live tissues. Active substances can be produced in the irradiated tissue after near infrared light irradiating, which can travel to other locations through blood circulation; consequently, the metabolism and heat production of organs are enhanced \[[@B31]\]. It was reported that moxibustion at abdominal acupoints can effectively mitigate peristalsis in IBS patients and improve the pain in inner organs \[[@B32]\]. The moxibustion on the acupoints at the vertex cranii of insomnia patients yields a curing rate of 90.9% for insomnia \[[@B33]\]. Indirect moxibustion can decrease the renal vascular resistance in patients with chronic kidney disease \[[@B34]\]. According to previous studies of moxibustion efficacy and the mechanism of photobiological effect, the relationship between moxibustion effects and SC was analyzed; it was inferred that the more extensive biological effects of moxibustion are intimately linked with the near infrared radiation of moxibustion.

In our previous study, it was observed by HIS technique that the spectral reflex-absorption intensity at the wavelength of 580 nm of Neiguan (PC6) decreased after moxibustion, and the effect of moxibustion was more obvious than acupuncture. It indicated that some factors related to SC of the tissue maybe change after moxibustion and acupuncture, such as functional activities (temperature, microcirculation, material metabolism, etc.) of local tissue and function of the skin tissue structure (texture, sweat gland, and sebaceous gland). And the effect of moxibustion was more obvious \[[@B35]\]. In this study, it was found that the temperature, BP, and SaO~2~ of acupoints obviously increased after MS moxibustion too. These positive effects can continue for some time after stopping moxibustion. Indeed, moxibustion radiation could promote metabolism and microcirculation. However, red, near, and far infrared radiation act on body and can cause photobiological effects, such as increasing microcirculation, promoting metabolism, and improving immune function. In conclusion, it was considered that the SC of moxibustion should be one important material base of moxibustion biological effect. Therefore, it is very significant to study radiation properties of moxibustion for investigating mechanism of moxibustion therapeutic effects.

In this study, it was found that the RRI from the pure MS exhibited a correlation with burning time. But the spectral intensity variation was not significant. This phenomenon is most likely due to the material properties of MS. Because moxa is a plant, the density of the MS compressed into moxa is not uniform. During burning, the energy released is correspondingly nonuniform; additionally, the ashes produced from the static burning that covers the ignition point also affect the radiation of energy.

We obtained the SC of pure MS burning in this experiment. However, what is the share of the photochemical and photothermal effects from the moxibustion-produced radiation of red and of near and far infrared lights in the biological effects of moxibustion? Further studies will be done to investigate the photobiological effects of moxibustion.

5. Conclusions {#sec5}
==============

In this study, the new methods of HSI and FTIR were first applied to observe and analyze spectral images of MS moxibustion, accepting SC at wavelengths of 400\~1000 nm and 2.5\~15.5 *μ*m of MS burning that include red, near infrared, and far infrared light, among which the near and far infrared wavelengths are the main components. It was observed that the temperature, BP, and SaO~2~ of acupoint skin increased after moxibustion too. According to mechanism of photobiological effect and moxibustion biological effect, it was inferred that moxibustion effects were intimately linked with SC of moxibustion. It also provided new data and means for physical properties of moxibustion research.
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![Schematics of the principle of hyperspectral imaging and Fourier transform infrared spectroscopy. (a) is the schematic for HSI data collection and recording, while (b) is the schematic for FTIR data collection and recording.](ECAM2016-1057878.001){#fig1}

![HSI of MS burning at a wavelength of 400\~1000 nm. (a) is the HSI of a pure MSCS that has been burned for 5 min at wavelengths of 600, 650, 700, 750, 800, 850, 800, 950, and 1000 nm. The color depth on the HSI image represents the intensity of the reflected light. The darker the color is, the higher the intensity is and vice versa. The color code from low to high denotes the RRI from low to high. Before 650 nm, the MSCS burning did not produce imaging, while the color of MSCS burning darkened gradually after 650 nm and became lighter after 850 nm. (b) is the HSI of MSCS at different burning time points at the wavelength of 850 nm; (c) is the spectrum of MSCS at different burning time points at the wavelength of 400\~1000 nm.](ECAM2016-1057878.002){#fig2}

![Spectra of the MS burning at a wavelength of 2.5\~15.5 *μ*m at different time points. The red line denotes burning for 5 min, purple line denotes burning for 15 min, green line denotes burning for 10 min, blue line denotes burning for 20 min, and pink line denotes burning for 25 min.](ECAM2016-1057878.003){#fig3}

![Changes of temperature, blood perfusion (BP), and oxygen saturation (SaO~2~) in BL23 acupoint skin before and after MS moxibustion. (a) Visualization of infrared thermal imaging for right BL23; (a-1) before moxibustion, (a-2) at 10 minutes after moxibustion, (a-3) at 15 minutes after stopping moxibustion, and (a-4) at 30 minutes after stopping moxibustion. The black spot indicated spine. The red circle indicated the location of right BL23. (b) Visualization of laser speckle perfusion imaging (LSPI) for right BL23; (b-1) before moxibustion, (b-2) at 10 minutes after moxibustion, (b-3) at 15 minutes after stopping moxibustion, and (b-4) at 30 minutes after stopping moxibustion. (c) Quantification of temperature increment among groups. (d) Quantification of BP increment among groups. (e) Quantification of SaO~2~ increment among groups. ^*∗*^ *P* \< 0.05 versus mox. for 10 min. Data was the difference between BL23 BP of each time point and before moxibustion which are $\overset{¯}{x} \pm SE$ (one-way ANOVA with LSD\'s two groups comparison test).](ECAM2016-1057878.004){#fig4}

###### 

The spectrum of MS burning at a wavelength of 400\~1000 nm at different time points (*n* = 3).

           Range of spectrum (nm)   Peak of spectrum (nm)
  -------- ------------------------ -----------------------
  5 min    750--980                 860
  10 min   755--960                 870
  15 min   740--980                 850
  20 min   740--975                 880
  25 min   740--980                 860
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